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Current plans call for a system of current mode neutron detectors for the National Ignition Facility
for extending the range of neutron yields below that of the neutron activation system, for
ion-temperature measurements over a wide yield range, and for determining the average neutron
emission time. The system will need to operate over a yield range bfdkOthe lowest-yield
experiments to 11 for high-yield ignited targets. The requirements will be satisfied using several
detectors located at different distances from the target. This article presents a conceptual design for
the NIF nToF system. ©€2001 American Institute of Physic§DOI: 10.1063/1.1321001

I. INTRODUCTION I. CONCEPTUAL DESIGN

The National Ignition Facility (NIF) is a 2 MJ, 192- The neutron time-of-flight and emission time system is
beam laser system currently under construction at Lawrenceequired to fulfill certain requirements as part of the core set
Livermore National Laboratory. One of the main missions ofof diagnostics for the NIF.
the facility is to achieve thermonuclear ignition of fusion fuel Neutron vyields need to be measured from about 1
using the indirect drive approach of inertial confinement fu-x 10° DD neutrons, to maintain capabilities that were avail-

sion (ICF).2 able on Nova and are currently available on OMEGA, and
ICF experiments on NIF will produce neutrons primarily going up to high yield ignited targets which would produce
in two reactions: up to 1X 10°DT neutrons.
lon temperature measurements are required for yields
D+D—n+°3He, (1.9 exceeding approximately 1@eutrons. For low yield experi-
ments, ion temperature can be supplied by a multi-hit neu-
D+T—n+a. (1.20  tron spectrometét? but above about &10° this system

saturates, and a current mode system can fill in.
Neutrons from the upper reaction are referred to as DD neu-  Emission time measurements are needed for experiments
trons and have average energies of 2.45 MeV. Neutrons frofhat produce on the order of 4@eutrons. Accuracies of 100
the lower reaction are referred to as DT neutrons and havgs are required for experiments with laser pu|se |engths of up
average energies of 14 MeV. to 20 ns.

A set of diagnostics, required to accomplish the various  The requirements for the neutron time-of-flight and
NIF missions, has been identifié(f? This set includes a neu- emission time system can be met using a system that consists
tron time-of-flight system for measuring ion temperature ancbf four detectorgTable ). The detectors consist of plastic
average time of neutron emission relative to a fixed point orscintillators coupled to photomultiplier tubésig. 1), but the
the laser pulse shape. A system designed to accomplish thesge of the scintillator, the distance from target chamber cen-
tasks can also be used to extend the yield measurement qar (TCC), and the type of photomultiplier tube affects the
pability below that of activation systefhsand measure sec- capabilities of each detector in the system. Photomultiplier
ondary neutron yield production when it exceeds the range of
a neutron spectrometer designed for that purfidse.

The conceptual design of the system consists of current- Scintillator Microchannelplate
mode detectors utilizing plastic scintillators coupled to fast Liaht quid I;hotomultiplier tube
photomultiplier tubeqFig. 1) and utilizing high-bandwidth t,Ensiﬂg',, ;igze

transient digitizers to record the signal. Such systems have

been used to measure the neutron yi8ld,ion
temperaturél~*®and neutron emission timieof ICF targets 5cm
on Nova, OMEGA, and other large ICF facilities. These sys-

tems are relatively inexpensive, have large dynamic range,

and have fast time response, making them ideal candidates

for a reliable base system of diagnostics.

—’ <—
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FIG. 1. Schematic of the nToF-6 and nToF-17 detectors. The nToF-ET
detector is similar, but with a smaller scintillator. The fiducial fiber is not
¥Electronic mail: tjmurphy@Ilanl.gov shown.
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TABLE I. Specifications for each of the detectors in the neutron time-of-flight and emission time system.

Diameter Thickness Distance
Detector (cm) (cm) (m) Main purpose
nToF-ET 25 0.5 0.5 Neutron emission time measurement
nToF-LAND 40 5 6 Low yield measurement
nToF-6 5 0.5 6 lon temperature for DD experiments
nToF-17 5 0.5 17 lon temperature for DT experiments

tubes will be biased with high voltage supplies that are com-  Two detectors will consist of 5-cm diameter scintillators
puter controlled. Each detector will be supplied with an op-0.5-cm-thick coupled to an MCP-PMT with a tapered light
tical fiducial pulse which allows operational checks of theguide. The detectors will be located at 6 and 17 m from
system as well as timing verification prior to the shot. ATCC. The 6 m detecto(nToF-6 will be used to measure ion
programmable optical attenuator will be used to match theemperatures from DD implosions, and the 17(mToF-17
fiducial pulse amplitude to the anticipated neutron signal. detector will be used for DT implosions.

Plastic scintillator is chosen because of its high effi-  The third detector will consist of a 40-cm diameter
ciency for detecting fast neutrons and its fast time responsé-cm-thick scintillator, with a 13-cm-diameter hole through
Previous detectors of this tyfe'®have utilized Bicron BC- the center. This large area neutron detectofoF-LAND)

422 scintillator(or similar materig), or its quenched version, will be located at the same location as nToF-6, and the hole
which incorporates up to 2% benzephenone to reduce its déhrough the center will afford a line-of-site for nToF-6. This
cay time. The scintillation light from BC-422 has a rise detector will be coupled to six 5-in.-diameter photomultiplier
time'’ of less than 20 ps, followed by an exponential decaytubes. This detector will be used to measure neutron yields
with a 2 nsdecay rate. The quenched version falls with abelow those measurable by the activation systém.
two-component decay with time constants of about 0.6 and 5 The fourth detector will be used to measure the emission
ns. time of neutrons from the target. It will consist of a 2.5-cm-

Microchannelplate photomultiplier tube®1CP-PMT9 diameter scintillator 0.5 cm thick, coupled to a MCP-PMT
are commercially available with time responses on the ordewith a tapered light guide. This detectorToF-ET) will be
of a few hundred ps FWHM and electron gains of ordet. 10 placed, either by a mechanical system or by placement in a
Photocathodes on these tubes tend to be smaller than ad@gnostic instrument manipulatgDIM), formerly called
available on standard photomultiplier tubes, requiring the uséhe 12 in. manipulatofTIM) in some referencesso that the
of small scintillators or light guides to transition from larger scintillator is approximately 50 cm from the TCC. This dis-
scintillators to smaller photocathodes. tance must be kept small so that the time-of-flight spreading

Commercial digital oscilloscopes are now available withof the neutron signal remains as small as possible, allowing
1 GHz bandwidth and 5 gigasample per second digitizingaccurate determination of the timing.
rate. One model, with 15000 points, allowsu3 of data to
be recorded per channel at the maximum digitizing rate,
enough time that x rays, DT neutrons, and DD neutrons can|. PERFORMANCE EVALUATION
be recorded on a single trace even at the NIF target bay Walk Vield measurements

An optical fiducial signal will allow operation and tim- "~
ing of the instrument to be verified prior to a shot and, for ~ Neutron yields can be obtained from signals from
emission time measurements, will allow the timing of thecurrent-mode neutron detectors. Using the energy depen-
neutron signal to be related back to the laser pulse. The fdence of the number of photons created in a typical organic
ducial signal will be attenuated to be the same amplitude ascintillator found by VerbinsRf and the light output of the
the expected neutron signal. Programmable fiber optic atproposed scintillator material, typical values for the quantum
tenuators currently on the market are designed for use afficiency of a photocathode, and reasonable values for cou-
optical communications wavelengths of 1200-1650 nmpling efficiency of scintillator light to the photocathode, one
Since the NIF fiducial will probably be at doubled Nd:YAG finds that the number of photons per neutron interacting in
frequency, it will have a wavelength of about 531 nm. Opti-the scintillator is high enough that this does not dominate the
cal attenuators will need to be developed or identified tostatistics of the measurement.
operate at this wavelength, preferably under computer con- The statistics of yield measurements are determined pri-
trol. marily by the number of neutrons interacting in the scintilla-

Each system will be under the control of a diagnostictor. The scattering cross section for neutrons on protons is
controller computer that will accept commands from the NIFabout 2.6 b at 2.45 MeV, and about 0.6 b at 14 MeV. Using
control systems and configure the diagnostic system for a proton density of 5.2 10°>cm™2 for the scintillator, one
shot. Subsequent to the shot, the diagnostic controller wilfinds that the efficiency of detecting neutrons for a detector
acquire data from the digitizer and send it to the NIF dateof volume V at distanceR from the target can be approxi-
archiving system. mated by
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FIG. 2. Evaluation of uncertainty in the analysis of ion temperature from Time (ns)

neutron time-of-flight signals fofa) DD neutrons andb) DT neutrons for

detectors nToF-6 and nToF-17 at 1 keV. At higher temperatures, the relativelG. 3. Fit to the neutron signal from a neutron emission time detector

uncertainty decreases at a given yield. installed on the OMEGA Laser Facility. The shape of the signal is well
described by Eq(3.5) with exponential decays of 0.55 and 4.5 ns and with

1
Arl(Aj+A,)= 1.

_[0.011 ecm*| V(DD
€=10.0025 cm![R2| DT - @D
82.5 keVM? DD
Ignoring the fact that the thickness of nTOF-LAND is ap- ~ AE={ 177, o\a2( VKTi) o> (3.9

proximately equal to the mean free path of 2.45 MeV neu-
trons, we can use the this expression to show that this dete

tor will measure 100 hits for yields of610°DD and 2.6 e il width at half-maximum of the neutron energy spec-

x 105.DT neutrons.. . trum. From this, we find
Since the recoil protons produced by neutron interac-

tions in the scintillator can have any energy from O up to the
full energy of the neutron, and since the light produced in the 0.77 "
scintillator is a nonlinear function of proton enerythe Ato— mkeV JKT.xd bD (3.4
- . . . . . . tof | DT ’ "
probability distribution of charge from interacting neutrons is
broad. This distribution contributes to the uncertainty in de-
termining the yield from the charge collected from a detector
beyond that of Poisson statistics. It can be shown that theshered is the distance from the source of neutrons to the
statistical uncertainty in the yield increases by a factor detector andAt, is the full width at half-maximum of the
N rarssyseev) neutron time-of-flight signal.
a=\1+(oq/(a))%, (3.2 The optimum placemefft of time-of-flight detectors is
where(q) is the average charge collected from a detectedletermined by a tradeoff between decreased time resolution
neutron andr is the standard deviation of the charge. Typi-at small distances from the target and smaller statistical
cally, « is about 1.4, increasing by 2 the number of neutronssample of detected neutrons at large distance. Using the re-
needed to achieve a given statistical uncertainty over thattions derived by Lerch® one can calculate the uncertainty
predicted by Poisson statistics. Thus, to achieve 10% statisa ion temperature derived from a neutron time-of-flight sig-
tical uncertainty, the nToF-LAND requires yields of approxi- nal. Figure 2 shows that detectors at 6 and 17 m can give
mately 1x 10° DD or 5x 10° DT neutrons. 15% measurements of ion temperature for’ D and
These types of systems are typically not calibrated di-10'*°DT neutrons at 1 keV. Better than 10% measurements
rectly, but are cross calibrated to absolutely calibrated actiare possible at higher yields or ion temperatures.
vation system§:’ Signals from current-mode detectors can be well de-
scribed by the convolution of a Gaussian with an exponential
decay or sum of decays,

WherekTi is the temperature of the reacting ions aké is

B. lon temperature
exd — (t—to)/ i ]exp(o?/277)

In a reacting plasma, the energy distribution of the neu-  h(t;t, ,U,Tl,Tz)=2 A

- L 3
trons is broadened due to the center-of-mass motion of the ! 27
reacting ions. For a Maxwellian distribution of ions, the en- (t—ty)— 02/,
ergy distribution of the neutrons is nearly Gaussian. The x[ 1+effl—2 "~ ] (3.5
. . . . . 2
width of the fusion neutron energy distribution can be mea- V2o

sured and the ion temperature of the source region deduced

by measuring the width of the neutron pulse arriving at theThe ion temperature can be determined from the value of
detector. The width of the energy distribution of the neutronafter subtracting the Gaussian part of the response function
is related to the ion temperature by the equdfion of the detector in quadrature.

Downloaded 23 May 2001 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Plasma diagnostics 853

C. Emission time 100 ps, the signal will need to be made up of at least 100
counts. Using the relations above and the dimensions of this

The neutron emission time is a sensitive indicator ofd tector. this impli o 10D ¢ ;
implosion physics, and is therefore a good quantity for com- etector, this Implies a minimum o neutrons for an

parison of experiment and detailed modeling of impIosions.aCCQptable emission time measurement.
Neutron emission timg, relative to a reference point on
the laser power history; can be determined by using the ACKNOWLEDGMENT
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